We present a 'computational microscopy' analysis (targeted molecular dynamics simulations) of the structure and performance of conductive metal organic framework (MOF) electrodes in supercapacitors with room temperature ionic liquids. The molecular modeling predicts the characteristic shapes of the potential dependence of electrode capacitance, relying on the structure of MOF electrodes and particularly how ions transport and reside in MOFs under polarization. Transmission line model was adopted to characterize the charging dynamics process and build up a bridge to evaluate the capacitive performance of practical supercapacitor devices at macroscale from the simulation-obtained data at nanoscale. Such nanoscale-to-macroscale analysis demonstrates the potential of MOF supercapacitors for achieving unprecedentedly high volumetric energy and power densities. The investigation gives molecular insights into the preferred structures of MOF for achieving these results, which could provide a blueprint for future experimental characterization of these new systems.
Enhancing capacitive performance of modern electrical double layer capacitors (EDLCs), also called supercapacitors, crucially relies on the development and application of porous electrode materials. 1, 2 Owing to their tunable porous structures and synthetic advantages, 3, 4, 5 conductive metal organic framework (MOF) materials have a great potential for such electrodes. 5, 6, 7, 8 Their scaffold-shaped volume-filling structure could bring a large specific surface area per mass or volume, with a custom-designed pore space. 3, 6 This helps to maximize the capacitance and ultimately the energy density, but may also promote ion transport during charging/discharging, thereby increasing power density. Indeed, graphene-doped MOFs were found to give high capacitance, due to their high porosity and openness of their structure. 9 Furthermore, a highly conductive MOF Ni 3 (2,3,6,7,10,11-hexaiminotriphenylene) 2 (Ni 3 (HITP) 2 ) has shown very high areal capacitance and low cell resistance, superior to most carbon-based materials, when used as the sole electrode material for EDLC with an organic electrolyte. 10 Electrolyte is equally important to the EDLC performance. Room temperature ionic liquids (RTILs) emerged as notable candidates for electrolytes because of their excellent thermal stability, nonvolatility, broad working temperature range, and wide electrochemical window; 11, 12, 13 the latter could potentially facilitate boosting the energy density of EDLCs. 13, 14 To build highperformance EDLCs, many studies focused on understanding the energy storage mechanism of porous electrodes with RTILs, via in situ experiments and molecular simulations. 11, 15, 16, 17, 18 Traditional porous electrodes, such as activated carbons, have wide pore size distributions, 1, 2, 3 making molecular understanding through simulations difficult, whereas MOFs present monodisperse pores of controllable dimensions, 3, 4, 5, 7 making them near-ideal systems for computational modeling. Nevertheless, because there could be millions of MOF-RTIL combinations, it is important to first unravel generic mechanisms of charge storage and charging dynamics related to their structure, in particular, considering that to date there is no work on supercapacitors coupled with conductive MOFs as sole electrode materials and RTILs as electrolytes.
In this work, we focus on this task, using 'computational microscopy': molecular dynamics (MD) simulations based on atomistic models of MOFs and coarse-grained models of RTILs. As shown in Fig. 1a , our MD system consists of two identical MOF electrodes immersed in a RTIL.
We consider three types of electrodes based on densely stacked 2D-conductive MOF sheets with different-sized quasi-1D pores (Fig. 1b-c (Fig. 1d) . In MD simulations, we control the voltage between the cathode and anode; for each electrode, we calculate the electrode potential as the potential difference between the electrode and the electrolyte reservoir, calibrating it relative to the potentials of zero charge (PZC) of the electrode. For simulation details see Methods. After equilibrating the system at PZC (i.e., 0 V), we apply jump-wise voltages between two electrodes, and then monitor the follow-up charging dynamics, as well as charge and ion distributions after reaching equilibrium, investigating the effect of the value of applied voltage. We explore the structure of ionic distributions in electrically polarized, nanoscale pores and establish the options for energy storage and power delivery that these structures could proffer. 
Equilibrium charge and ion distributions inside MOFs
We now present the simulation results for charge and ion distributions in neutral and polarized Figure 3 ).
For the larger pore (2.39 nm), at PZC, two mixed cation-anion layers dwell inside the pore, one of them contacting pore wall; with electrode polarization they differentiate into more pronounced two counter-ion layers separated by a co-ion layer, with a co-ion wire at the axis (cf.
Supplementary Figure 4 ).
The interlaced distributions of cations and anions along the radial direction of the polarized pore comply well with the ion layering in RTIL-based EDLs at electrode surfaces revealed by previous experiments and simulations, 11, 15, 16, 17 while there is little cation-anion layering shown at PZC (middle column of Fig. 2 ). To delve into this difference, the ion density was analyzed along the pore axis. In Fig. 3a we see 'wave-like' axial ion distributions in the pores of the nonpolarized electrode, which become even more distinct with electrode polarization. Further looking into ions lodging inside pores, we divided the pore space into central and surface regions demarcated by a critical radial distance, R c = 0.25 nm (Fig. 3b) , which are illustrated by simulation snapshots (Fig. 3c) . Therefore, the cation orientations, characterized by angular distributions in Fig. 3d , reveal how ions could be accommodated inside the MOF pore. As the electrode gets more negatively charged, cations in the pore surface region prefer to be aligned along the pore axis, while those in the central region distribute more randomly, which could be 
Capacitance and energy density of MOF-based supercapacitors
Charge storage in supercapacitors is characterized by capacitance and energy density as a function of voltage. Differential capacitance of an individual electrode is defined as the derivative of the electrode's charge with respect to its potential. The charge on the MOF electrode, determined by an excess or depletion of electrons in it, is equal with an opposite sign to the net ionic charge accumulated inside the pores and in the double layer at the electrode's outer surface. For a highly porous electrode, the area of the latter is negligible, and we will not consider that contribution.
In the metallic electrode, before the onset of electrochemical reactions, there are no limitations on its ability to accommodate electrons; the same refers to charging electrodes positively. The capacitance of such electrode is determined by the ability to accumulate the ionic charge from electrolyte. In electrodes built from low dimensional materials, such as graphene and its derivatives, accommodation of electrons has its own laws that give rise to the quantum capacitance (QC) contribution to the total capacitance; 21, 22, 23 when the electrode's QC is much larger than the electrolytic capacitance, the total capacitance will be predominated by the ionic contribution 16, 23 . Thick dense stacks of 2D MOF sheets, even those that deliver large pores are not low-dimensional. Unless concentration of charge carriers in them is as low as in wide-bandgap semiconductors, they are expected to perform like bulk porous metallic electrodes; at least for the conductive MOF that we study here, 10, 24 it seems appropriate to exclude the QC contribution.
The capacitance is usually presented per unit (i) surface area (area-specific), (ii) mass (gravimetric), or (iii) volume (volumetric) of the electrode. The gravimetric and volumetric values are easy to define, whereas the determination of the area-specific capacitance could be ambiguous, as it depends how the interior surface of the electrode was measured. If it is done through adsorption isotherms, the result may depend on approximation for the isotherm, and the size of the molecular probe -with smaller probes one might report higher surface areas than that could be accessible to ions. The way how we estimated 'surface area' of the pores of the studied MOFs is described in Methods. Having defined the mass and volume of a unit cell for the given structure of MOF, we obtain the gravimetric and volumetric capacitance, and the corresponding energy densities that can be stored in our MOF-based EDLCs. As shown in Fig. 4b- The shape of the capacitance-potential curves could be understood via systematic analysis of 
Charging dynamics
We then focus on the charging dynamics -the key issue for the power delivery. Figure 5a shows the time evolution of ionic charge in a pore at 400 K (results for temperatures from 300 to 400 K can be found in Supplementary Figure 8 ). It appears possible to rationalize the charging dynamics through the transmission line model (TLM). 32 Based on TLM schematized in Supplementary Figure 9a , the time evolution of the net charge of the pore surface, after applying a constant potential, reads:
where is the value of the net surface charge when the pore gets fully charged, is the pore volume divided by its surface area, and is the full length of the pore. The parameter in this equation, which does not depend on pore length, is the intrinsic relaxation time,
in which is the capacitance per unit surface area of the pore and is the ionic conductivity inside the pore. Note that Eq. (1) is strictly valid for potential-independent capacitance; there is no closed-form solution if the capacitance varies during charging. For simplicity, we will still use Eqs. (1) and (2) with the value of corresponding to the integral capacitance for a given electrode potential. well (see Fig. 5a ). This is further confirmed by fittings of the charging dynamics under alternative working voltages and at different temperatures ( Supplementary Figures 8 and 9b ).
Doing such fittings for all three studied MOFs shows that with increasing temperature, decreases (top panel of Fig. 5b (1) to the MD-obtained charging curves in Fig. 5a , and then evaluate , using Eq. partially screened out due to the induced image charges on the pore wall. 36, 37 Nevertheless, the conductivities of ions under nanoconfinements are obviously smaller than in the bulk; their temperature dependence is less pronounced: inside MOF it is about 2 -3 times, against 6.5 times increase in the bulk, and it becomes weaker for the narrower-pore MOFs.
These results suggest considerable limitations for ion transport inside the quasi-1D nanopores of MOFs. Hence, the electrolyte resistance in MOFs would be the dominant contribution to the equivalent series resistance (ESR) of a practical MOF-based EDLC cell. This is similar to what has been concluded from the experiment with 1.57 nm pore-diameter MOF in an organic solution. 10 It is simply because that the electrical conductivity of this MOF is about three orders of magnitude higher than the ionic conductivity of RTIL. Interestingly, the larger working voltage results in a decrease of and the increase of (cf. Supplementary Figure 9e-g ), thus promoting faster ion transport inside MOFs.
Capacitive performance at macroscale
Thus obtained parameters, the capacitance and the conductivity of electrolyte in a MOF pore, together with some intrinsic properties of MOFs (i.e., their specific surface area, density and porosity, cf. Supplementary Table 2 . 38 It was earlier experimentally demonstrated that the electrodes based on aligned single-walled carbon nanotubes show greatly enhanced ion transport parallel to the alignment direction. 39 Similarly, the MOFs studied herein, possessing crystal structure and retaining crystallinity when made into electrodes, 10, 24 could offer straight quasi-cylindrical pores, providing fast charging dynamics. Table 4) . 26, 27, 28, 40, 41 As expected, under smaller voltages, the energy and power densities would decrease (cf. Supplementary Figure 11 ).
Conclusion
We have investigated the charge storage and charging dynamics of supercapacitors consisting of conductive MOF electrodes and RTIL electrolyte. The microstructures of RTIL inside MOF pores were analyzed in terms of the in-plane and axial ion distributions, as well as ion orientations, which helps to interpret the obtained camel-and bell-shapes of the capacitancepotential dependence. The charging dynamics has been rationalized within the transmission line model, which we further used to evaluate the capacitive performance of a sample EDLC device at the macroscale and with the temperature dependence, based on the MD-obtained information.
Modeling results revealed that these MOF/RTIL-based cells could exhibit capacitive performance superior to most carbon-based devices, 26, 27, 28, 40, 41 which suggest promising avenues for designing supercapacitors with both high energy and power densities, especially when volumetric performance is concerned.
To be developed 3D conductive MOFs scaffolds might be expected to have advantages over the dense stacks of 2D-MOF-sheets with quasi-1D pores. Indeed, 3D scaffolds could provide ion transport paths in all directions and consequently promote cation-anion swapping, pivotal in charging-discharging processes. Such scaffold-electrodes with the all-dimension openness and high porosity may help to enhance the charging dynamics, and together with the enhanced surface area, potentially enlarge energy and power densities simultaneously.
Methods

Molecular dynamics simulation
As shown in Fig. 1 electronically isolating ion transport membrane that warrants the absence of a short-cut between the electrodes, however, ideal membranes must not impede ion exchange between the electrodes.
For this proof-of-the principle study, considering therefore the best performance possible, we will not incorporate the membrane into our simulation cell. This strategy is generally adopted for MD modeling of supercapacitors. 15, 17, 32, 42, 43 The atomistic structures of MOFs were obtained from experimental measurements. 24 The geometry optimization of each MOF was derived from density function theory (DFT) calculations, using in Vienna ab initio simulation package (VASP) 44 . Details of MOF structure optimization of and pore size calculation can be seen in 42 . The simulation cells were chosen as large enough to reproduce the bulk state in the central region of RTIL reservoir connected with two electrodes, and periodic boundary conditions were applied in all directions. Specific system parameters are given in Supplementary   Table 3 .
Simulations were performed in the NVT ensemble using a customized MD software GROMACS 46 . The applied electrical potential between the two electrodes in Fig. 1 was maintained by the constant potential method (CPM), as it allows the fluctuations of charges on electrode atoms during the simulation. 15, 42, 43 Details of CPM could be found in Supplementary Part 2. To guarantee the accuracy, the electrode charges are updated on the fly of simulation running at every simulation step (2 fs). The electrolyte temperature was maintained at 400 K using the V-rescale thermostat 47 . The electrostatic interactions were computed using the particle mesh Ewald method 48 . An FFT grid spacing of 0.1 nm and cubic interpolation for charge distribution were used to compute the electrostatic interactions in the reciprocal space. A cutoff length of 1.2 nm was used in the direct summation of the non-electrostatic interactions and electrostatic interactions in the real space. For each conductive MOF, the MD system was annealed from 500 to 400 K over a period of 10 ns, following by running another 40 ns to reach equilibrium under null electrode potential. To explore the charging dynamics, five independent runs were performed for smoothing the charging process data. To obtain microstructure and capacitance, a simulation was performed for 60 ns to surely reach equilibrium under the applied potential ranging from 0 to 6 V, and then another 60 ns production in equilibrium state was run for analysis.
The electrical conductivity of the bulk [EMIM] [BF 4 ] was evaluated via the time integral of ECACFs, , in which is the system volume and denotes the electrical current. is defined by , where is the total number of ions, and and are the charge and velocity of the -th ion, respectively.
It is worth noting that static prosperities of EDLCs were studied at a temperature of 400 K that is generally used for MD simulations to get the ion structure and capacitance 32, 42 , while the charging dynamics was ascertained within a temperature range of 300 -400 K due to the big impact of temperature on dynamic properties 33, 34 .
Equivalent electrical circuit simulation
We conceived a practical size two-electrode symmetrical cell (see Supplementary Figure 10a 
